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Goddard Space Flight Center 
PIPER	  Overview	  
Sensi/vity	  
• 5120	  TES	  bolometers	  
• 1.5	  K	  Op6cs	  with	  no	  warm	  window	  
• Background-­‐limited	  (NEQ	  <	  2	  μK	  s1/2)	  
Systema/cs	  
• Front-­‐End	  VPM	  polariza6on	  modulator	  
• Twin	  cryogenic	  telescopes	  
Foregrounds	  
• 200,	  270,	  350,	  and	  600	  GHz	  
• Cleanly	  separate	  dust	  from	  CMB	  
Sky	  Coverage	  
• Balloon	  payload,	  conven6onal	  ﬂight	  
• 8	  ﬂights,	  North	  and	  South	  hemisphere	  
See	  the	  sky,	  the	  whole	  sky,	  and	  nothing	  but	  the	  sky	  
Goddard Space Flight Center 
Why	  Balloons?	  
The problem with ground-based cosmology 
Goddard Space Flight Center 
Designing	  for	  B-­‐Modes	  
Planck collaboration: The Planck dust polarization sky
Fig. 5. Upper: Map of the apparent magnetic field (hB?i) orientation. The normalized lines were obtained by rotating the measured
353GHz polarization angles by 90 . The length of the polarization vectors is fixed and does not reflect polarization fraction. The
colour map shows the 353GHz emission in log10 scale and ranges from 10 2 to 10MJy sr 1. Lower: Map of the 353GHz polarization
angle uncertainty (  ) at 1  resolution. The scale is linear from   = 0  to   = 52.3 . The polarization angle is obtained
using the Bayesian method with a mean posterior estimator (see Sect. 2.3). The uncertainty map includes statistical and systematic
contributions. The same mask as in Fig. 1 is applied.
and outer (Q2 and Q3) MW regions, respectively. The di↵er-
ence in sign is due to the di↵erence in average detector orien-
tation during Galaxy crossings, resulting from the relative ori-
entation of the scanning strategy and the Galactic plane. Using
the two methods discussed above for the determination of the
coupling coe cients leads to similar BPM leakage estimates.
Note also that, since the magnetic field is expected to be statis-
tically aligned with the Galactic plane (see, e.g., Ferrie`re 2011),
we expect the polarization direction towards the plane to be on
average around  = 0 . The fact that both correction methods
bring the peak of the histograms toward this value confirms the
validity of the BPM correction method used here. In the follow-
ing, we adopted the coe cients from method B. We note, how-
ever, that although the situation is clearly improved by the BPM
7
Sensitivity 
Photon	  noise	  limit	  
Near-­‐space	  sensi6vity	  
Sky Coverage 
Low	  ell	  !	  Large	  angular	  scales	  
Map	  polariza6on	  over	  most	  of	  sky	  
Foregrounds 
Mul6ple	  frequency	  bands	  
Dust	  !	  Access	  to	  high	  frequencies	  
Balloons!	  
Goddard Space Flight Center 
PIPER	  in	  a	  Nutshell	  
Cold	  op6cs	  improve	  mapping	  
speed	  by	  a	  factor	  of	  10	  ...	  
Which	  allows	  overnight	  ﬂights	  
instead	  of	  Antarc6c	  long	  dura6on	  
ﬂights	  ...	  
Which	  allows	  scans	  over	  the	  full	  
2π	  steradians	  of	  the	  night	  sky	  
PIPER	  Sky	  Coverage	  
PIPER	  observes	  both	  the	  
inﬂa/onary	  signal	  
on	  large	  angular	  scales	  and	  the	  
lensing	  foreground	  	  
on	  small	  scales	  	  
and	  will	  map	  the	  
polarized	  dust	  foreground	  
Sensi6vity	  r	  <	  0.007	  (2σ)	  
First	  ﬂight	  planned	  for	  Sept	  	  2015	  
Goddard Space Flight Center 
Cold	  Op/cs	  for	  Fast	  Mapping	  
No	  Warm	  Surfaces	  =	  No	  Unwanted	  Photons	  
Improve	  NEP	  x	  3	  
Improve	  speed	  x	  10	  
Warm	  surfaces	  =	  Throw	  away	  90%	  of	  your	  detectors!	  
Goddard Space Flight Center 
Telescope	  
• 	  All	  op6cal	  elements	  at	  1.5	  K	  
	  	  	  using	  proven	  ARCADE	  design	  
• 	  Metamaterial	  AR	  coa6ng	  	  
	  	  	  (Jeﬀ	  McMahon,	  U	  Mich)	  
• 	  One	  telescope	  measures	  	  IQV,	  	  
	  	  	  the	  other	  measures	  IUV	  
• 	  5°	  x	  7°	  ﬁeld	  of	  view	  
• 	  20	  arc-­‐min	  beam	  
• 	  Four	  32x40	  detector	  arrays	  
Goddard Space Flight Center 
Detectors	  
Pixel Pitch 1135 µm 
Base Temperature 100 mK 
Absorber Temperature 140 mK 
Power Loading 0.5 pW 
Thermal Conductance 29 pW/K 
NEP 3.8 x 10-18 W Hz-0.5 
Four	  32x40	  TES	  Bolometer	  Arrays	  
Goddard Space Flight Center 
Detector	  Arrays	  
• 	  Absorber-­‐coupled	  TES	  bolometers	  at	  100	  mK	  
• 	  4	  arrays	  each	  32	  x	  40	  pixels	  (5120	  total)	  
• 	  Backshort-­‐Under-­‐Grid	  (BUG)	  architecture	  
• 	  Bump-­‐bond	  to	  NIST	  32x40	  tMUX	  chip	  
Filled	  Array	  32	  x	  40	  pixels	  
NEQ	  <	  2	  μK	  s1/2	  in	  both	  CMB	  bands	  
Fill factor 95% 
	  Fly	  With	  Near-­‐Space	  Power	  Loading	  
Goddard Space Flight Center 
Detector	  Characteriza/on	  
32 x 40 array hybridized to MUX 
Demonstrated design parameters 
•  Tc, G for flight signal levels and noise 
•  Thru-wafer vias, indium bump bonds for signal routing 
•  VPM greatly relaxes 1/f requirements 
Pathfinder to demonstrate 32 x 40 array 
•  Wafer and pixel yields 
•  Flight-like signal path through MCE readout 
•  Demonstrate superfluid plumbing  
Flight array delivery early 2015 
•  Final sensitivity, 1/f knee 
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Measure	  linear	  and	  circular	  polarizaPon!	  
Variable-­‐Delay	  Polariza3on	  Modulator	  (VPM)	  
Miller et al, in prep 
Cryogenic Millimeter-wave VPMs 6
























FIG. 8. The polarization transfer function of a sample grid
in a test VPM is shown. The data points are polarization
measurements as a function of phase from 76-117 GHz. The
measurement is consistent with unit e ciency to the accuracy
of the measurement. The red curve is a transmission line
model3 evaluated for the measured grid parameters.
Property Value Units
Maximum mirror throw 1.0 mm
Mirror tilt at maximum throw 5 arc seconds
Clear aperture 39 cm
Wire diameter 40 µm
Wire separation 117.0 µm
Wire separation error 5.7 µm
Grid flatness 8.7 µm
Min. wire resonance 190 Hz
Polarization E ciency > 99 %
TABLE I. The parameters of the VPM for PIPER.
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Polariza/on	  Modulator	  
36	  μm	  diam	  wire	  
110	  μm	  pitch	  
40	  cm	  clear	  aperture	  1.4	  km	  of	  wire	  held	  to	  5	  μm	  tolerance	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VPM	  Advantages	  
Yow! Fun With Circular Polarization 
Minimizes a whole range of systematic errors 
•  Q↔V modulation distinct from Q↔U (E↔B) mixing 
•  Take advantage of V=0 for sky 
Decouples polarization from scan strategy 
•  Diagonal pixel covariance matrix 
•  No degradation at large angular separations/low l
Simple cryogenic implementation 
•  Small linear translation instead of large angular rotation 
•  Simple cooling path to grating and mirror 
•  Vary mirror sweep to vary Q/V sampling 
•  Non-ideal effects are computable from first principles 
Plus: Get full-sky map of Stokes V 
Four orders-of-magnitude improvement! 





Sky	  Coverage:	  Looking	  All	  Around	  
Goddard Space Flight Center 
Single-­‐Flight	  Sky	  Coverage	  
Simple Operations From Conventional Balloon Payload 
Fast Mapping Speed Enables 





Observation Pattern  
(North Celestial Hemisphere) 
Night Observations 
Beams pointed 55° from zenith 
Slowly spin gondola (600 sec period) 
Observe 55% of the sky per night 
Goddard Space Flight Center 
Single-­‐Flight	  Sky	  Coverage	  
Simple Operations From Conventional Balloon Payload 
Fast Mapping Speed Enables 





Observation Pattern  
(North Celestial Hemisphere) 
Night Observations 
Beams pointed 55° from zenith 
Slowly spin gondola (600 sec period) 
Observe 55% of the sky per night 
Goddard Space Flight Center 
Single-­‐Flight	  Sky	  Coverage	  
Simple Operations From Conventional Balloon Payload 
Fast Mapping Speed Enables 





Observation Pattern  
(North Celestial Hemisphere) 
Night Observations 
Beams pointed 55° from zenith 
Slowly spin gondola (600 sec period) 
Observe 55% of the sky per night 
Goddard Space Flight Center 
“BuM	  Crack”	  Scan	  PaMern	  
Night Observations 
Beams pointed 55° from zenith 
Slowly spin gondola (600 sec period) 
Day Observations 
Scan anti-solar strip 
Observation Pattern  
(North Celestial Hemisphere) 
Single Flight: Observe 55% of sky 
Simple Operations From Conventional Balloon Payload 
Fast Mapping Speed Enables 







Two Flights: Observe 85% of sky 
Goddard Space Flight Center 







85% of sky 
2 < l < 400 
See	  the	  sky,	  the	  whole	  sky,	  and	  nothing	  but	  the	  sky	  







t Fractional Polarization 
Re-fly optics and detectors 
Swap out bandpass filters 
Flexibility to add/change bands! 
S/N > 10 even in low-dust patches 
BICEP2 Patch 
Goddard Space Flight Center 
Current	  Status	  
Payload	  Integra6on	  Underway	  
• 	  VPM	  /	  Op6cs	  
• 	  “Superﬂuid	  Submarine”	  
• 	  Flight	  Electronics	  
Pacing	  Item	  is	  Flight	  Detectors	  
• 	  Pathﬁnder	  array	  under	  test	  
• 	  Flight	  arrays	  in	  produc6on	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Payload	  Tes6ng	  
Goddard Space Flight Center 
PIPER	  Science	  
Detect signal on largest scales 
using conventional ballooning 
Large angular scales: 
Amplitude of primordial 
signal 
Small angular scales: 
Amplitude of lensing 
foreground 
Detect primordial B-mode signal 
Characterize low-ell E-mode 
Map circular polarization 
           Limits r < 0.03 (one flight) 
                       r < 0.007 (8 flights) 
